A B S T R A C T The effects of bilateral carotid artery occlusion (BCO) and carotid sinus nerve stimulation (CSNS) on left ventricular (LV) pressure (P), diameter (D), velocity of contraction (V), rate of change of pressure (dP/dt), and cardiac output were studied in conscious dogs instrumented with ultrasonic diameter gauges, miniature pressure gauges, and aortic electromagnetic flow transducers. The effects of BCO and CSNS were also studied after autonomic blockade and were compared to similar alterations in pressure produced by norepinephrine, methoxamine, and nitroglycerin. When heart rate was maintained constant with atrial stimulation, BCO had little effect on ventricular contractility, increasing isolength systolic pressure (LV Pis.) by 36% while isolength velocity of myocardial shortening (Vt..) decreased by 12% and (dP/dt)/P fell by 8%. These effects could be explained largely by vasoconstriction, since elevating systolic pressure with methoxamine produced similar results, while norepinephrine increased Vt.. by 36% and (dP/dt)/P by 56%S. CSNS produced directionally opposite results from BCO; it decreased Pi.8 by 15%, Vt.0 increased by 11%, while (dP/dt)/P remained almost constant. These effects may be explained largely by vasodilatation since reducing systolic pressure to the same level with nitroglycerin produced similar results. When peripheral vasoconstriction was minimized by phenoxybenzamine pretreatment, BCO produced a slight positive inotropic effect (Ptso increased by 8%o, Vt.. by 4%, and (dp/ This study was presented in part at the 44th Annual Scientific Sessions of the American Heart Association, Anaheim, Calif., November 1971. An 
INTRODUCTION
The baroreceptors, and the carotid sinus reflex in particular, are thought to exert considerable control over the myocardial contractile state (1) (2) (3) (4) (5) (6) (7) (8) ; an increase in carotid sinus pressure is thought to reduce contractility reflexly, while carotid sinus hypotension produces the opposite effect. Although an important role for carotid sinus control of contractility has been found by most investigators (1) (2) (3) (4) (5) (6) (7) (8) , some studies have suggested that this may not be the case (9, 10) . Previous investigations of this important subject have been conducted in anesthetized animals with open chests (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, there is little information regarding the carotid sinus control of the myocardial contractile state in the intact conscious animal, in which all circulatory control mechanisms are intact. We have previously observed that general anesthesia radically alters the coronary, peripheral vascular, and chronotrophic responses to carotid sinus nerve stimulation (CSNS)1 (11) , and have also demonstrated that it substantially depresses the myocardial contractile state, resulting in an augmented response to l Abbreviations used in this paper: BCO, bilateral carotid artery occlusion; CSNS, carotid sinus nerve stimulation; D, diameter; dD/dt, rate of change of diameter; dP/dt, rate of change of pressure; LV, left ventricular; PI, isolength systolic pressure; V, velocity of contraction; Vt*0, isolength velocity of myocardial shortening.
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such inotropic agents as cardiac glycosides (12) . Thus, it is possible that surgical trauma, the open chest, and the administration of anesthestic agents, which alter the central nervous system's regulation of circulatory responses and depress the myocardial contractile state, may also modify the extent of carotid sinus regulation of cardiac contractility.
Accordingly, the present investigation was conducted in normal, healthy, conscious dogs instrumented for the continuous measurement of left ventricular (LV) pressure, dimensions, rate of change of pressure (dP/dt), velocity of myocardial shortening, and cardiac output. The goal of this study was to characterize the extent of carotid sinus reflex regulation of the myocardial contractile state in the normal, conscious animal. The effects of bilateral carotid artery occlusion (BCO) and bilateral CSNS were studied when heart rate was allowed to vary or was controlled, after autonomic blockade, and after the effects of carotid hypotension or nerve stimulation on peripheral resistance were minimized by the prior administration of phenoxybenzamine. Finally, the carotid sinus-induced effects on the LV contractile state were compared with those of pharmacologic agents which elevated or reduced systemic arterial pressure to similar levels as occurred with carotid occlusion and CSNS.
METHODS
10 mongrel dogs, weighing between 17 and 27 kg were anesthetized with Na pentobarbital, 30 mg/kg. Through a thoracotomy in the fifth left intercostal space, miniature pressure gauges were implanted within the left ventricle through a stab wound in the apex; opposing ultrasonic diameter transducers' were sutured to the epicardium of the anterior and posterior walls of the left ventricle and stimulator electrodes were sutured to the left atrium (10 dogs). Electromagnetic flow probes were placed around the aortic root (five dogs). Hydraulic cuff occluders were placed around both common carotid arteries (seven dogs) and were tested at operation to determine the volume of fluid necessary to inflate the cuffs sufficiently to occlude the vessel. Stimulating electrodes' were implanted on the carotid sinus nerves (six dogs).
The LV pressure gauges (13) viously (14) (15) (16) . This instrument measures the transit time of acoustic impulses traveling at the sonic velocity of approximately 1.5 X 106 mm/sec between the 5 MHz piezoelectric crystals sutured to the LV epicardium at opposing sites. It was calibrated by substituting signals of known time duration from a pulse generator which was referenced to a quartz crystal controlled oscillator frequency. A voltage proportional to transit time was recorded and calibrated in terms of crystal separation. In this manner a measure of the external diameter was continuously recorded. At a constant temperature the drift of the instrument is less than 0.15 mm/hr, and its frequency response is 0-60 Hz. The experiments were conducted 2 wk to 2 months postoperatively, when the dogs had recovered from operation and were again vigorous and healthy and the discomforting side effects of carotid occlusion sinus nerve stimulation, i.e. local somatic irritations, were minimal. While the dogs were resting quietly, control records of LV pressure (P), diameter (D), the time rate of change of diameter (dD/dt), i.e. the velocity of myocardial shortening (V), dP/dt, cardiac output, and heart rate were obtained. These variables were continuously recorded during all interventions.
The common carotid arteries were occluded for 30-60-sec periods by inflating the hydraulic cuffs. Data were recorded on a multichannel tape recorder and played back on a direct writing oscillograph at a paper speed of 100 mm/sec. The results of three periods of carotid occlusion and CSNS were averaged for each animal. A cardiotachometer triggered by the signal from the pressure pulse provided instantaneous and continuous records of heart rate. An electronic RC filter was used to derive mean aortic blood flow, i.e., cardiac output. In addition the area of positive flow was integrated by planimetry to confirm stroke volume. Continuous records of dP/dt and dD/dt were derived from the LV pressure and diameter signals using Philbrick' operational amplifiers connected as differentiators. A triangular wave signal with known slope (rate-of-change) was substituted for pressure and diameter signals to calibrate directly the dP/dt and dD/dt channels.
The effects of carotid occlusion, CSNS, norepinephrine, methoxamine, and nitroglycerin on myocardial force-velocity relations were assessed by determining their effects on the velocity of shortening and intraventricular pressure (P) at an identical ventricular diameter (D) by the technique de-'Teledyne Philbrick Co., Dedham, Mass. scribed in detail previously (12, 18) . When, at any given instantaneous myocardial diameter or length (isolength point), the velocity of shortening (Vlsolength, i.e., V,.0) increases, while intraventricular pressure (Pisolength, i.e., P1s0) rises or remains constant, a shift in myocardial force-velocity relations reflecting a positive inotropic effect is considered to have occurred. All isolength points were obtained during the first one-third of ejection. In addition, the effects on peak dP/dt and the quotient of dP/dt and developed pressure, P (left ventricular minus end-diastolic pressure), i.e. (dP/dt)/P, were examined. The same level of pressure which occurred during isometric contraction, before and after each intervention, was used for this calculation and dP/dt and P were determined at that level of pressure. This technique for evaluating the myocardial contractile state has been described in detail previously (12, 19, 20) .
RESULTS

Bilateral carotid artery occlusion
Control. In seven dogs studied in the control state, when heart rate was maintained constant, LV systolic pressure rose from 122 ±4 to a steady-state level of 172 ±6 mm Hg, which occurred an average of 23 +7 SEM sec after the onset of carotid occlusion. At this time Pi.o had increased from an average of 120 +4 to 163 ±5 mm Hg (Fig. 1, Table I ) while LV end di- When heart rate was allowed to vary in these 7 dogs, rate had returned toward control but still remained the maximal increase in heart rate generally occurred elevated by The average (±"SEM) percentage change in cardiac output, stroke volume, and peak aortic flow velocity to carotid occlusion (BCO) both when heart rate was maintained constant (broken line) and when it was allowed to vary (solid line) (left panel) and to carotid sinus nerve stimulation (right panel).
min (Fig. 1, Table I ). When heart rate was permitted to rise, BCO increased Pi.. and decreased Vi.0 and (dP/dt)/P to levels which were comparable to those noted when heart rate was maintained constant (Fig. 1 Table  I ). In contrast to the results in the control state or after beta receptor blockade, BCO now slightly increased Viso by 4±2% (P < 0.01) (Fig. 4 ) from a control of 52 ±4 mm/sec and increased (dP/dt)/P by 10 +2% (P < 0.01), from a control of 37 +2 sec:' (Fig. 5) . Thus, when alpha blockade limited the changes in peripheral resistance, BCO produced a minor increase in the contractile state. However, this slight change failed to increase contractility even to the level which existed before phenoxybenzamine administration.
Cholinergic blockade. After atropine (0.1 mg/kg) in three dogs with heart rate maintained constant, BCO produced effects similar to those observed in the dogs in the control state; Piio increased by 36% from an average of 117 mm Hg, end diastolic diameter increased by 0.9 mm, while Viso decreased by 14% from 58 mm/ sec and (dP/dt)/P decreased by 10% from an average of 42 sec1. Thus, parasympathetic activation probably played little role in the response to BCO.
Responses to methoxamine and norepinephrine (seven dogs). Control levels before drug administration were similar to those before BCO. In all seven dogs when LV systolic pressure was raised with methoxamine to the level attained during BCO, changes similar to those which occurred during BCO were noted, i.e. Pi.0 rose, Viso decreased reciprocally (Fig. 4) , while (dP/dt)/P decreased slightly (Fig. 5) . After phenoxybenzamine a similar dose of methoxamine (average dose = 200 Ag/kg) had only a negligible effect on Pt3o, and no detectable effect on V,80 (Fig. 4) . Thus, methoxamine, a drug which does not exert a direct myocardial effect and elevates arterial pressure by systemic vasoconstriction, produced almost no detectable inotropic response, an effect almost indistinguishable from that of carotid occlusion.
In contrast to the responses to BCO and methox- (Fig. 4) and (dP/dt)/P by 56 ±7% (Fig. 5) (15%) (Figs. 8, 9 ), indicating that in the anesthetized state CSNS did depress contractility. After 500 cm' of blood had been removed from each of the three anesthetized dogs, CSNS again reduced Piso by 10%, but now decreased Viso (15%) and (dP/dt)/P (32%), to a greater extent than in the anesthetized state before blood loss (Figs. 8, 9 ). (12, 19, 20, 23) . The classical studies of A. V. Hill demonstrated that the inverse relationship between the force generated and the velocity of shortening is an important property of skeletal muscle (24) . This relationship has subsequently been extended to the isolated papillary muscle preparation (25, 26) and this technique has been further extended to studies in the intact ventricle of anesthetized dogs (27, 28) . It has also been utilized to characterize the myocardial contractile state in intact, unanesthetized man (18) . Similarly, dP/dt has been employed as an indicator of myocardial contractility and the relationship between dP/dt and developed pressure (dP/dt)/P has recently been demonstrated to be a more useful index since it is relatively insentive to changes in preload and afterload (19, 20) . Both of these indices (force-velocity relation and (dP/ dt)/P) have been demonstrated to be useful in characterizing inotropic effects in the conscious animal (12) and accordingly were employed in this study to reflect induced changes in the myocardial contractile state. These indices are sensitive enough to reflect positive inotropic changes when agents known to increase contractility such as norepinephrine (Figs. 4, 5 ) and cardiac glycosides are administered (12) , and they reflect well the negative inotropic effect produced by agents known to depress the contractile state, i.e., propranolol (Figs. 4, 5 ) (12) and pentobarbital anesthesia (Fig.  9) (12) .
Previous studies conducted in open-chest anesthetized animal preparations indicated that the regulation of myocardial contractility is one of the important functions of the carotid sinus reflex (1) (2) (3) (4) (5) (6) (7) (8) . In the present investigation conducted in normal, healthy, conscious dogs, the extent of control of the myocardial contractile state by the carotid sinuses was determined to be relatively minor. Bilateral common carotid artery occlusion substantially increased LV pressure and produced a reciprocal reduction in the velocity of LV shortening, and in the peak aortic ejection velocity, but did not alter (dP/dt)/P or cardiac output. This effect on the force-velocity relationship and (dP/dt)/P appeared similar to responses predicted from interventions which primarily increase afterload without having direct inotropic action (18, 19, 23, 28) . Had carotid hypotension produced the expected augmentation of contractility, along with the rise in ventricular pressure, velocity of shortening would also have risen, or at least would have remained constant, while (dP/dt)/P would have risen.
To test the hypothesis that carotid occlusion pro-(luces alterations primarily in peripheral resistance while having little effect on the myocardial contractile state, the response to this stimulus was compared with that produced by equal pressor responses of norepinephrine, a drug that possesses both strong inotropic and vasoconstrictor properties, and of methoxamine, a drug that has virtually no inotropic action but raises pressure almost entirely by increasing peripheral resistance. Norepinephrine demonstrated classical iontropic properties; while increasing pressure to the same level as attained by carotid occlusion, it substantially augmented velocity (36%) and (dP/dt)/P (56%), i.e., the effect anticipated had carotid occlusion resulted not only in systemic vasoconstriction but improvement in myocardial contractility as well. This finding demonstrates that the technique employed in this study is clearly capable of recognizing an improvement of the contractile state in the conscious dog in the face of vasoconstriction. On the other hand, methoxamine, a drug without inotropic action, produced a response very similar to that of carotid occlusion; the increase in pressure being accompanied by a reduction in velocity (Fig. 4) and of little change in (dP/dt)/P (Fig. 5) . Thus, the similarity in responses to carotid occlusion and methoxamine and the dissimilarity between the responses to carotid occlusion and norepinephrine supports the hypothesis that carotid sinus hypotension has little inotropic effect in the conscious dog and that its main circulatory action is to elevate systemic vascular resistance.
Further evidence for this concept was derived from the results after beta receptor blockade. If (dP/dt)/P (10%). This small increase in contractility was far less than the strong inotropic response elicited by norepinephrine either before or after alpha blockade (Figs. 4, 5) . As an additional comparison of inotropic responses, the dose of norepinephrine was determined which would produce a similar increase in contractility to carotid occlusion after phenoxybenzamine. It was found to be only 0.01 to 0.02 /Ag/kg, approximately 1% of that required to raise systolic arterial pressure by 30 to 40 mm Hg.
It has been suggested that carotid hypotension might result in hypoxia of the central nervous system, which could mask the effects of baroreceptor stimulation (9, 10 ). This possibility was tested in this study by observing the response to carotid occlusion in a conscious dog after recovery from carotid sinus denervation. Before denervation this animal exhibited a typical pressor response, but after section of the carotid sinus nerve, BCO for periods up to 1 min resulted in no change in LV pressure, velocity, (dP/dt)/P or heart rate. This indicates that the carotid sinus hypotension produced by carotid occlusion resulted in cardiovascular changes mediated by the carotid sinus reflex and not through cerebral ischemia.
We concluded from these observations that in the conscious dog carotid sinus hypotension does not augment myocardial contractility substantially. However, the possibility was considered that the reverse, i.e. carotid sinus hypertension or its physiologic analogue, electrical stimulation of the carotid sinus nerve, might be able to reduce sympathetic neural or humoral stimulation to the heart significantly and thereby to reduce myocardial contractility. Accordingly, the second part of this study was designed to test this possibility. CSNS in the conscious dog produced opposite results from carotid occlusion; a reduction in LV pressure, and an increase in velocity of shortening and peak aortic flow occurred without a significant effect on (dP/dt)/P or cardiac output. This response of the force-velocity relationship, as in the case of carotid hypotension, appeared to reflect primarily the alterations in peripheral resistance that also must have occurred. To test this hypothesis, nitroglycerin, a drug without inotropic action, was administered to reduce LV pressure to the same level as did CSNS. Like nerve stimulation, nitroglycerin, while decreasing pressure, also slightly increased velocity (Fig. 7) and did not have a significant effect on (dP/dt)/P (Fig. 8) . Thus, it appeared in this case as well that the effects on myocardial contractility were only minor and were overshadowed by the more powerful effects on peripheral resistance. Studies in the presence of autonomic blocking agents were then conducted. After beta receptor blockade, CSNS produced reductions in pressure and increases in velocity similar to those in the unblocked state, again indicating that withdrawal of resting myocardial sympathetic tone is not an important mechanism in the response to CSNS. When the peripheral response to CSNS was attenuated by the prior administration of phenoxybenzamine, it was apparent that CSNS caused only a reduction in contractility, albeit a slight one. In this situation, LV pressure, velocity, and (dP/dt)/P decreased minimally.
It could be argued that the techniques employed are not sensitive to reductions in the level of the contractile state. This does not appear to be the case since agents known to depress myocardial contractility, such as propranolol or pentobarbital, did so in the present investigation (Figs. 5, 9 ) and in a previous study utilizing similar techniques (12) .
In order to reconcile the findings of the present investigation with those of earlier workers who reported that CSNS or carotid sinus hypertension reflexly reduces myocardial contractility (1) (2) (3) (4) (5) (6) (7) (8) , the effects of CSNS were also studied in the anesthetized state and in the hypovolemic anesthetized state. Under these conditions, which resemble those of the acute preparations classically employed, the results were similar to those observed by others, i.e. a reflex reduction of contractility occurred (Fig. 9) , presumably because the resting sympathetic tone to the heart had been augmented and could be withdrawn by sinus nerve stimulation.
The discrepancy between the responses to CSNS in the conscious and anesthetized, hypovolemic states may have clinical relevance. CSNS does not substantially decrease contractility in normal, healthy conscious dogs which appear to have a low resting level of sympathetic tone. However, in patients with cardiac disease this resting level of sympathetic tone may be much greater and the response to CSNS may involve a significant reduction in myocardial contractility as occurred in the anesthetized, hypovolemic dogs.
Additional evidence for the concept that the carotid sinus mechanism is of little importance in the control of the contractile state in the conscious dog can be derived from examination of the results of aortic blood flow. If the carotid sinus exerted a significant inotropic effect on the heart, then increases in cardiac output, stroke volume, and peak aortic flow velocity would be expected with carotid occlusion and decreases in those variables with CSNS. In point of fact, the reverse actually occurred (Fig. 2) ; when heart rate was allowed to vary, carotid occlusion resulted in decreases in stroke volume and peak aortic flow, while CSNS produced the opposite results (Fig. 2) . In both cases cardiac output did not vary significantly, a finding in the conscious dog that we previously reported for CSNS (22) and which was noted by Fronek for carotid occlusion (29) .
While this study has found that the carotid sinuses appear to exert little effect on the myocardial contrac-tile state in the conscious dog, it should not be interpreted to indicate that other receptors, such as those in the aortic arch, the left ventricle, and "low pressure receptors" in the atria, lungs, and great veins do not exert such effects. Indeed, studies in our laboratory (22) and by others (30) have shown that the aortic baroreceptors play a more important role than the carotid sinuses in the control of the chronotropic state of the heart, and similar consideration may apply to the inotropic state as well.
The technique of CSNS can be criticized: first, in that the carotid sinus nerve is a mixed nerve and chemoreceptor stimulation may result; and secondly, that during the maximal depressor response after autonomic blockade heart rate was slightly depressed. It is unlikely that significant chemoreceptor effects occurred since we have previously measured arterial blood gases and found no significant change in Po., Pco2, and pH with CSNS (21) . Furthermore, chemoreceptor stimulation is considered to cause no change (31) or to decrease myocardial contractility (32) , and therefore could not have masked the observed response. The slight bradycardia that occurred with CSNS after alpha blockade should not significantly affect the results, and furthermore, bradycardia is thought to diminish myocardial contractility (33) (34) (35) . Thus, bradycardia or chemoreceptor stimulation would tend to intensify any negative inotropic effects. Since only slight negative inotropic effects could be elicited even after the changes in peripheral resistance were minimized, it is unlikely that either of these two influences introduced serious error.
Another criticism to this technique has been the question of the adequacy of coronary blood flow. We have previously shown that coronary flow is maintained in the conscious dog during CSNS when pressure declines and that a significant coronary vasodilatation occurs (21) . Feigl has found that coronary blood flow increases with carotid occlusion (36) and this was confirmed for the conscious dog in two experiments in the present study. Thus, coronary blood flow is maintained in either of the experimental situations.
The finding in this study that CSNS does not involve a substantial inotropic response mediated by the sympathetic nervous system in conscious animals is in accord with a previous work from this laboratory (11) and that of Scher and Young (37) which showed the chronotropic changes that occur with elevation of arterial pressure (37) or with CSNS (11) to be mediated primarily by an increase in vagal restraint and to a much lesser extent by a reduction in sympathetic tone. In the latter study when the animals were tested after general anesthesia, the vagal component was minimal and a profound sympathetic component appeared (11) . These findings that baroreceptor-induced cardiac slowing is primarily parasympathetically mediated have been extended to conscious man as well (38) . The 
